Abstract: In addition to rusts, the subphylum Pucciniomycotina (Basidiomycota) includes a large number of unicellular or dimorphic fungi which are usually studied as yeasts. Ribosomal DNA sequence analyses have shown that the current taxonomic system of the pucciniomycetous yeasts which is based on phenotypic criteria is not concordant with the molecular phylogeny and many genera are polyphyletic. Here we inferred the molecular phylogeny of 184 pucciniomycetous yeast species and related filamentous fungi using maximum likelihood, maximum parsimony and Bayesian inference analyses based on the sequences of seven genes, including the small subunit ribosomal DNA (rDNA), the large subunit rDNA D1/D2 domains, the internal transcribed spacer regions (ITS 1 and 2) of rDNA including the 5.8S rDNA gene; the nuclear protein-coding genes of the two subunits of DNA polymerase II (RPB1 and RPB2) and the translation elongation factor 1-α (TEF1); and the mitochondrial gene cytochrome b (CYTB). A total of 33 monophyletic clades and 18 single species lineages were recognised among the pucciniomycetous yeasts employed, which belonged to four major lineages corresponding to Agaricostilbomycetes, Cystobasidiomycetes, Microbotryomycetes and Mixiomycetes. These lineages remained independent from the classes Atractiellomycetes, Classiculomycetes, Pucciniomycetes and Tritirachiomycetes formed by filamentous taxa in Pucciniomycotina. An updated taxonomic system of pucciniomycetous yeasts implementing the 'One fungus = One name' principle will be proposed based on the phylogenetic framework presented here.
INTRODUCTION
Basidiomycetous yeasts are unicellular or dimorphic fungi that belong to the three lineages of the Basidiomycota, namely Pucciniomycotina, Ustilaginomycotina and Agaricomycotina (also previously known as Urediniomycetes, Ustilaginomycetes and Hymenomycetes, respectively) (Boekhout 1991 , Bauer et al. 2006 , Hibbett et al. 2007 . At present, yeasts in the Pucciniomycotina comprise 28 genera, including 19 teleomorphic and 9 anamorphic ones (Bauer et al. 2009 , Turchetti et al. 2011 , Toome et al. 2013 , de García et al. 2015 . Our understanding of the phylogenetic relationships of these basidiomycetous yeasts and their systematics largely improved due to sequence analysis of parts of the ribosomal DNA (rDNA) (Fell et al. 2000a , Scorzetti et al. 2002 , but the full taxonomic consequences of these studies have not yet been made. For instance, teleomorphic and anamorphic genera are still treated separately, and many anamorphic genera, such as Rhodotorula and Sporobolomyces, are polyphyletic (Fell et al. 2000a , Scorzetti et al. 2002 , Sampaio 2011a . Species of these two genera occur in three classes in the Pucciniomycotina, and some Rhodotorula species occur even in another subphylum Ustilaginomycotina , Sampaio 2011a .
Earlier results using sequence analysis of the small subunit (SSU or 18S) rDNA indicated that the yeast members within Pucciniomycotina could be divided into four groups, designated as the Agaricostilbum/Bensingtonia, Erythrobasidium, Sporidiales and subbrunneus clusters (Hamamoto & Nakase 2000 , Nakase 2000 . Sequence analyses of the large submit (LSU or 26S) rDNA D1/D2 domains and the internal transcribed spacer (ITS) region showed similar results and four lineages named Agaricostilbum, Erythrobasidium, Microbotryum and Sporidiobolus (Fell et al. 2000b , Scorzetti et al. 2002 . In the 5 th edition of The Yeasts, a Taxonomic Study, all known Pucciniomycotina yeast species were classified into four classes, namely Agaricostilbomycetes (the Agaricostilbum lineage), Cystobasidiomycetes (the Erythrobasidium lineage), Microbotryomycetes (the Sporidiobolus and Microbotryum lineages) and Mixiomycetes . The above listed studies provided a detailed grouping of species in many clades of these four classes, but the molecularly defined clades frequently lacked concordance or statistic support and many species remained unassigned . With the advent of the 'One Fungus = One Name' concept (Hawksworth 2011 , Taylor 2011 , McNeill et al. 2012 ) the anamorphic taxa have to be combined with the teleomorphic ones into a single taxonomy. Thus the boundaries of the clades and genera have to be reassessed by analyzing a robust molecular data set. For many of the yeast members of Pucciniomycotina SSU rDNA sequences were not yet available and also some LSU rDNA D1/D2 and ITS data were missing. In addition, protein coding gene sequences have rarely been used in molecular phylogeny studies of basidiomycetous yeasts. The multigene analysis of the fungal kingdom as presented by the Assembling the Fungal Tree of Life (AFTOL) consortium (James et al. 2006) and its derived taxonomy (Hibbett et al. 2007) showed the potential of this kind of analysis to improve our understanding of fungal evolutionary relationships and taxonomy.
In the present work, we employed the six genes that were used in the AFTOL project (James et al. 2006) and an additional mitochondrial gene, cytochrome b (CYTB) that was used in phylogenetic analyses of some basidiomycetous yeast genera (Biswas et al. 2001 , 2005 , Yokoyama 2005 , Wang & Bai 2008 to resolve the tree of life of the pucciniomycetous yeasts. The aim of this work is to recognise monophyletic clades and to improve the phylogeny and taxonomy of this group of eukaryotic microorganisms. In addition, by using available data, mainly generated from the AFTOL project (http://www.aftol.org/data.php), we also inferred the evolutionary relationships between the unicellular yeast taxa and the main groups of filamentous fungi in the Pucciniomycotina.
MATERIALS AND METHODS

Yeast and filamentous taxa employed
One hundred and ninety nine strains belonging to 184 yeast species within Pucciniomycotina were studied (Table 1) . They were mostly type and authentic strains from CBS Fungal Biodiversity Centre (CBS-KNAW), Utrecht, The Netherlands, the China General Microbiological Culture Collection Center (CGMCC), Institute of Microbiology, Chinese Academy of Sciences, Beijing, China, and the Japan Collection of Microorganisms (JCM), RIKEN BioResource Center, Saitama, Japan. The type strains of all pucciniomycetous yeast species included in the latest edition of The Yeasts, a Taxonomic Study (Kurtzman et al. 2011) were employed. In addition, fifteen pucciniomycetous yeast species that were published after the publication of that treatment were used in this study. Fifteen representative filamentous taxa from the Pucciniomycotina were employed as references and two taxa from Ustilaginomycotina were used as an outgroup (Table 1) . The alignments and trees were deposited in TreeBASE (No. 18076) .
Sequencing and molecular phylogenetic analyses
A set of seven genes or loci were included in this study, including three rDNA regions, namely SSU, LSU D1/D2 domains and ITS (including 5.8S rDNA); three nuclear protein coding genes, namely the largest subunit of RNA polymerase II (RPB1), the second largest subunit of RNA polymerase II (RPB2), and translation elongation factor 1-α (TEF1); and the mitochondrial gene cytochrome b (CYTB). Sequencing of the ITS region and LSU D1/D2 domains were performed using methods described previously (Fell et al. 2000b , Wang & Bai 2004 . SSU rDNA sequences were determined according to Wang et al. (2003) . Sequences of CYTB were obtained as described by Wang & Bai (2008) . PCR and sequencing primers for RPB1, RPB2 and TEF1 are listed in Table 2 . PCR amplification and sequencing of the three nuclear protein-coding genes were performed using methods described previously (Wang et al. 2014) . GenBank accession numbers for all the sequences determined in this study are listed in Table 1 .
Sequences were aligned with the MAFFT program (Standley 2013) using the L-INS-I algorithm. The alignment datasets were analysed with Modeltest version 3.04 (Posada & Crandall 1998) using the Akaike information criterion (AIC) to find the most appropriate model of DNA substitution. A general time-reversible model of DNA substitution additionally assuming a percentage of invariable sites and Γ-distributed substitution rates at the remaining sites (GTR + I + G) was selected for Maximum likelihood (ML) and Bayesian inference (BI) analyses. ML analysis was conducted using RAxML-HPC 7.2.8 (Stamatakis 2006 ) with a rapid bootstrap analysis using a random starting tree and 1 000 bootstrap replicates searching for the best maximum-likelihood tree, and with GTRGAMMAI as the model of evolution. BI analysis was conducted using MrBayes 3.1.2 (Ronquist et al. 2012) with the GTR + I + G model and 5 000 000 to 10 000 000 generations, two independent runs and four chains. The other parameters were set as default. The analysis was stopped when the standard deviation of split frequencies between the trees generated in the independent runs was below 0.01. Twenty five percent of these trees were discarded, the remaining were used to compute a 50 % majority rule consensus tree to obtain estimates for posterior probabilities. Maximum parsimony (MP) analysis was performed using PAUP* 4.0b10 (Swofford 2002 ) with a heuristic search with 1 000 random additions and TBR. Bootstrap analysis was performed from 1 000 replicates using 10 random additions and TBR for each replicate. The gaps in the alignment were treated as missing data. MulTrees and Steepest descent options were not in effect. A bootstrap percentage (BP) of 70 % or a Bayesian posterior probability (PP) of 0.9 was considered as significantly supported in all constructed trees in this study.
RESULTS AND DISCUSSION
Sequence data obtained
From the sequences of the yeast strains employed here, 98.4 % (188/191) TEF1, 98.9 % (174/176) RPB1, 97.9 % (186/190) RPB2, 87.1 % (162/186) CYTB, 51.8 % (102/197) SSU, 9.1 % (18/198) LSU D1/D2 and 8.1 % (16/198) ITS sequences were newly determined in this study and the remaining sequences were retrieved from GenBank (Table 1) . PCR amplification and sequencing of rDNA regions were successful for all the species studied. The success ratios of PCR amplification and sequencing of the RPB1, RPB2, TEF1 and CYTB genes were 88 %, 91 %, 95 % and 93 %, respectively. The single gene sequences of the SSU rDNA, LSU rDNA D1/D2 domains, ITS + 5.8S rDNA, TEF1, RPB1, RPB2 and CYTB were aligned using the MAFFT algorithm (Standley 2013) , resulting in alignments of 1 773, 646, 1 252, 1 023, 796, 1 270 and 387 nucleotide lengths, respectively. Different data sets consisting of the three rDNA regions, the four protein coding genes, and the combined seven genes, respectively, were constructed. When available, the corresponding sequences from representative filamentous taxa in Pucciniomycotina were also incorporated in the data sets. In addition, a data set of SSU and LSU rDNA D1/D2 sequences from the yeast strains employed in this study and those from the representative filamentous taxa compared in Bauer et al. (2006) , Schell et al. (2011) and Toome et al. (2013) was constructed, because of the scarcity of available ITS and protein gene L. creatinivorum CBS 8620 sequences of filamentous taxa in the Pucciniomycotina. Each of the data sets was subjected to ML, MP and BI analyses. The trees obtained were visually compared to inspect the phylogenetic concordance among the taxa analysed, based on which monophyletic lineages and clades were recognised and defined (Table 3) . As expected, among the trees drawn from different data sets analysed, the seven genes-based trees exhibited the highest resolution with strongest support values ( Table 3 ). The backbones of the trees shown here were obtained from ML analysis. The seven genes-based ML tree was used as the primary basis for lineage and clade recognition and definition, and as the starting point for the subsequent comparison and discussion.
Major lineages
The higher-level phylogenetic classification of the Pucciniomycotina proposed in Aime et al. (2006) and Bauer et al. (2006) mainly based on SSU and LSU rDNA sequence analyses was adopted in Hibbett et al. (2007) and Boekhout et al. (2011) Manohar et al. (2014) and Aime et al. (2014) .
In agreement with Boekhout et al. (2011) our phylogenetic analyses based on the seven-gene dataset showed that the majority of the yeast species employed belonged to four major lineages corresponding to Agaricostilbomycetes, Cystobasidiomycetes, Microbotryomycetes and Mixiomycetes (Fig. 1) . The phylogenetic analyses of the three rDNA genes and four protein coding genes (Figs 2, 3) showed a similar result to that obtained from the analysis of the seven-gene dataset. However, the position of the Spiculogloeales varied. In the seven genes-based tree this order showed a close relationship to the Mixiomycetes with 94-99 % BP and 1.0 PP support values Table 2 . PCR and sequence primers used.
Locus
Primers (5′-3′) www.studiesinmycology.org (Fig. 4) . The Mixiomycetes contains only one species Mixia osmundae, which is a fern parasite occurring on Osmunda ferns (Nishida et al. , 2011 . The close affinity of the Spiculogloeales with Mixia osmundae was also revealed and strongly supported in the trees drawn from the four protein-coding genes (Fig. 3) . However, in the trees constructed from the three rDNA regions, the Spiculogloeales formed a lineage basal to Agaricostilbomycetes with 59-91 % BP and 1.0 PP support values, while Mixia osmundae was located as a branch basal to the Microbotryomycetes lineage with 1.0 Bayesian PP support (Fig. 2) . The phylogenetic relationships between the yeast species and the filamentous fungal lineages recognised within Pucciniomycotina so far (Aime et al. 2006 , 2014 , Bauer et al. 2006 , Schell et al. 2011 are shown in the tree constructed from the SSU and LSU rDNA D1/D2 domains sequences (Fig. 5) . The yeast lineages mentioned above and the filamentous lineages, Atractiellomycetes, Classiculomycetes, Pucciniomycetes and Tritirachiomycetes, were separated as independent lineages. Microbotryomycetes exhibited a close relationship to the filamentous fungal lineage Classiculomycetes with moderate BP (56-79 %) and strong PP (1.0) support, being in agreement with Aime et al. (2006 Aime et al. ( , 2014 and Bauer et al. (2006) . However, the phylogenetic relationships among the remaining lineages were not confidently resolved. The Spiculogloeales was located as a deep lineage basal to the Agaricostilbomycetes with 88-89 % BP and 1.0 PP support (Fig. 5) , being similar to the result shown in the tree based on the three rDNA regions (Fig. 2) . This result suggests that the Spiculogloeales may represent a distinct class, supporting Bauer et al. (2006) and Aime et al. (2014) who indicated that the Agaricostilbomycetes might not be monophyletic and need to be separated into two classes because of the weakly supported monophyly of the class obtained from SSU rDNA sequence analysis.
Agaricostilbomycetes
The two orders Agaricostilbales and , bootstrap values from the maximum likelihood and maximum parsimony analyses, respectively; PP, Bayesian posterior probability; nm: not monophyletic; ns, not supported. Boekhout et al. 2011) were resolved with strong statistical support values in all the trees drawn from different data sets using different algorithms (Table 3 , Figs 2-5). However, as shown above, the Spiculogloeales formed a sister lineage to Mixiomycetes, rather than to the Agaricostilbales in the trees drawn from the seven genes and the four protein-coding genes (Figs 3,  4) . The order Spiculogloeales was proposed by Bauer et al. (2006) for a well-supported clade formed by two unidentified teleomorphic species, Spiculogloea sp. RB 1040 and Mycogloea sp. FO 40962, resulted from phylogenetic analyses of the joint SSU/LSU data set. Sporobolomyces (pro parte) was included in this order due to the fact that Sporobolomyces coprosmicola showed a close relationship with Spiculogloea sp. RB 1040 in the tree from the LSU rDNA sequences (Bauer et al. 2006) . In the Spiculogloeales lineage recognised from the seven-gene dataset obtained in this study, five anamorphic species of the genus Sporobolomyces, namely S. linderae, S. coprosmicola, S. subbrunneus, S. dimmenae and S. novazealandicus, formed the subbrunneus clade which was resolved and strongly supported in all the trees constructed in this study (Figs 2-5) . The SSU and LSU rDNA D1/D2 tree showed that this clade was closely related with Spiculogloea sp. RB 1040and Mycogloea sp. FO 40962 formed a branch basal to Spiculogloea sp. RB 1040 and the subbrunneus clade with strong BP and PP support (Fig. 5) . The species of Mycogloea shared some phenotypic characters with those of Spiculogloea, including the presence of dimorphism, mycoparasitism and presence of tremelloid haustorial cells subtended by clamp connections (Bandoni 1998 ). However, previous molecular analyses ( Aime et al. 2006 , 2014 , Bauer et al. 2006 ) and this study (Fig. 5) indicated that Mycogloea does not appear monophyletic. The genus Spiculogloea contains four described species with S. occulta as the type (Roberts 1996 , 1997 , Hauerslev 1999 , Trichi es 2006 . However, molecular data are not available from any of them at present. Additional molecular analyses on a better taxonomic sampling including the type species are needed to resolve the phylogenetic placements of Mycogloea and Spiculogloea species.
In the Agaricostilbales lineage, nine well-supported clades with yeasts species occurred, namely Agaricostilbum, Bensingtonia, Chionosphaera, Kondoa, Kurtzmanomyces, ingoldii, lactophilus, ruber and sasicola. In addition, Bensingtonia sakaguchii and a filamentous species, Mycogloea nipponica that has a yeast stage, were each recognised to represent a clade (Table 3, Figs 2-4) .
The Agaricostilbum clade contained two teleomorphic Agaricostilbum species and two anamorphic Sterigmatomyces species. The type species of both genera were included in this clade. Agaricostilbum species form synnemata-like basidiomata and have a stable yeast state with buds usually produced on short denticles (Wright 1970 , Wright et al. 1981 , Bandoni & Boekhout 2011 ). The Sterigmatomyces species produce conidia on stalks and appear to lack a filamentous stage (Fell 1966 (Fell , 2011a . Species of Agaricostilbum and Sterigmatomyces occurred together in trees drawn from the LSU rDNA D1/D2 domains (Fell et al. 2000b) , ITS (Scorzetti et al. 2002) and from all data sets generated in this study (Figs 2-5 ), suggesting that they represent a robust single clade.
The two Bensingtonia species, B. musae and B. ingoldii, which were assigned to the Agaricostilbum clade in Scorzetti et al. (2002) and to the Agaricostilbaceae in Bauer et al. (2006) and Boekhout et al. (2011) , formed the ingoldii clade distinct from, but closely related to the Agaricostilbum clade with strong support values in all the trees obtained in this study (Figs 2-5 ). These two Bensingtonia species form ballistoconidia but do not form conidiogenous stalks (Nakase et al. 1989 , Takashima et al. 1995 , thus being different from the Agaricostilbum and Sterigmatomyces species. Therefore, the two Bensingtonia species are assigned in a separate clade in this study.
The Kondoa clade accommodated two Kondoa species including the type species of this genus, K. malvinella, and seven anamorphic species of the genus Bensingtonia (Table 1, Fig. 4) . The Bensingtonia clade contained B. ciliata, the type species of the genus, and two other species B. naganoensis and B. pseudonaganoensis. Each of the Kondoa and the Bensingtonia clades received strong support values in all the trees obtained from different data sets (Table 3, From the species included in the Chionosphaeraceae in Bauer et al. (2006 Bauer et al. ( , 2009 and Boekhout et al. (2011) , five distinct clades and two single species lineages were distinguished (Table 3, Figs 2-5). The three anamorphic Kurtzmanomyces species including the type species of this genus formed a distinct clade closely related to the teleomorphic species Mycogloea nipponica that forms auricularioid basidia (Bandoni 1998) . Though the latter has a Kurtzmanomyces-like state, the connection between Kurtzmanomyces and M. nipponica needs to be addressed further as discussed in Sampaio (2011b) . The original description of M. nipponica based on a Japanese collection did not include a living culture (Bandoni 1998) . The culture from which molecular data were obtained was isolated from a collection made in Taiwan (Kirschner et al. 2003) . It is not clear whether the Kurtzmanomyces species have a sexual Mycogloea-like stage and if the remaining five Mycogloea species (Bandoni 1998 ) have a Kurtzmanomyces-like yeast stage. The present and previous (Aime et al. 2006 , 2014 , Bauer et al. 2009 ) studies indicate that the genus Mycogloea is polyphyletic and species of this genus occur in the Agaricostibales and Spiculogloeales. Thus, at present, we consider it better to treat M. nipponica as representing a clade separated from the Kurtzmanomyces clade. The two teleomorphic Chionosphaera species including the generic type Ch. apobasidialis formed an independent clade with a close affinity to the Kurtzmanomyces clade and M. nipponica (Fig. 4) . The genus Chionosphaera is characterised by holobasidia that are different from the gasteroid basidia of Mycogloea nipponica (Bandoni 1998 , Kwon-Chung 2011 .
The ten Sporobolomyces species in the family Chionosphaeraceae employed in this study were separated into three different clades, namely the sasicola clade with three species, the lactophilus clade with two species, and the ruber clade with five species (Table 1, Fig. 4) . The lactophilus and sasicola clades showed a close relationship in all the trees obtained ( Figs  2-5) . The sasicola clade recognised in Scorzetti et al. (2002) based on LSU rDNA D1/D2 sequence analysis included Sporobolomyces lactophilus, however, the inclusion of this species in the sasicola clade was not supported in the ITS tree (Scorzetti et al. 2002) . The close relationship of the three species in the sacicola clade and the two species in the lactophilus clade was Cystobasidiopsis with only one species, C. nirenbergiae, and showed that it clustered together with S. lactophilus based on neighbour-joining analysis of the LSU rDNA D1/D2 sequences. Our ML, MP and BI analyses of the LSU rDNA D1/D2 sequences Fig. 3 . Phylogeny of yeast species in the Pucciniomycotina inferred from the combined sequences of RPB1, RPB2, TEF1 and CYTB. The tree backbone was constructed using maximum likelihood analysis. Bootstrap percentages (BP) of maximum likelihood and maximum parsimony analyses over 50 % from 1 000 bootstrap replicates and posterior probabilities (PP) of Bayesian inference above 0.9 are shown respectively from left to right on the deep and major branches and in the brackets following the clades resolved. The branches ending with filled diamonds represent single-species clades. Bar = 0.1 substitutions per nucleotide position. Note: ns, not supported (BP < 50 % or PP < 0.9); nm, not monophyletic. also clustered C. nirenbergiae together with S. lactophilus and S. lophatheri with 71-98 % BP and 1.0 PP supports (data not shown). More sequence data are needed to confirm the relationship of C. nirenbergiae with the lactophilus clade. The close relationship of the lactophilus and the sasicola clades with the Chionosphaera and Kurtzmanomyces clades occurred in all trees obtained in this study, supporting that they belong to the Chionosphaeraceae. The ruber clade was assigned to the Chionosphaeraceae in Boekhout et al. (2011) , but its affinity to the other clades of this family mentioned above was not supported in this study. In trees drawn from the rDNA regions and the four protein-coding genes, the ruber clade was located as a sister lineage to the Agaricostibaceae and the Kondoaceae, respectively (Figs 2, 3) . In the seven genes-based tree, this clade was resolved as a sister lineage to the other families within Agaricostilbomycetes (Fig. 4) , which suggests that the ruber clade represents a separate family in this class.
Sporobolomyces taupoensis
Bensingtonia sakaguchii was consistently located as a separate lineage basal to the family Chionosphaeraceae in different trees with strong BP and PP support values (Figs 2-5) . Phenotypically, this species has Q9 as the major ubiquinone that differs from the other species in the Chionosphaeraceae that have Q10 .
Cystobasidiomycetes
This class mainly consists of taxa known from yeast stages only. Three orders, Cystobasidiales, Erythrobasidiales and Naohideales, were distinguished by Aime et al. (2006 Aime et al. ( , 2014 , Bauer et al. (2006) and Boekhout et al. (2011) based on LSU rDNA sequence analyses. However, the circumscription of the Erythrobasidiales in Aime et al. (2006) is different from that in the latter two studies. In addition to the three orders, we observed four more sister clades in the Cystobasidiomycetes in the tree from the seven genes (Fig. 6 ), which were also largely resolved and supported in the trees from the rDNA and the four protein gene datasets (Figs 2, 3) .
The teleomorphic species Naohidea sebacea in the Naohideales formed a basal branch in the Cystobasidiomycetes in all the trees constructed in this study (Figs 2, 3, 5, 6) , being in agreement with Boekhout et al. (2011) and Sampaio & Chen (2011) . This species is mycoparasitic, forms cream-colored colonies, has 'simple' septal pores and reproduces by long and slender basidia without probasidia (Oberwinkler 1990 , Sampaio & Chen 2011 .
The Cystobasidiales proposed in Bauer et al. (2006) contains two teleomorphic genera, Cystobasidium and Occultifur, and some anamorphic Rhodotorula species based on SSU and LSU rDNA sequence analyses. Recently, Yurkov et al. (2015) confirmed the close relationship of nine described Rhodotorula species in the R. minuta clade with Cystobasidium fimetarium, the type species of the genus, based on ML analysis of SSU, ITS, LSU rDNA D1/D2 and TEF1 sequences. They transferred the Rhodotorula species to the genus Cystobasidium. The monophyly of the Cystobasidium clade was shown in all the trees generated in this study with strong support values (Figs 2, 3, 5, 6) . Though the separation of Occultifur externus from the other taxa in the Cystobasidiales was not resolved in based on LSU rDNA D1/D2 sequence analysis, it was located as a distinct branch basal to the Cystobasidium clade in all the trees obtained in this study (Figs 2, 3, 5, 6) , being in agreement with Nagahama et al. (2006) , Boekhout et al. (2011) and Yurkov et al. (2015) . C. fimetarium and O. externus share some morphological characters, including the presence of clamp connections and haustoria, a similar basidial morphology and mode of basidiospore germination. The former species differs, however, from the latter by the presence of probasidia (Sampaio et al. 1999 , Scorzetti et al. 2002 . The phylogenetic and phenotypic comparisons suggest that O. externus represents a separate clade.
The yeast species with hydrogenated coenzyme Q10 system (Q-10H 2 ) formed two clades in the Erythrobasidiales, namely the Bannoa and Erythrobasidium clades, which was proposed by Bauer et al. (2006) . The Bannoa clade included a teleomorphic species Bannoa hahajimensis, an undescribed Bannoa species MP 3490 (Scorzetti et al. 2002) and three Sporobolomyces species (Table 1, Fig. 6 ). The Erythrobasidium clade contained the monotypic teleomorphic genus Erythrobasidium and two Sporobolomyces species (Table 1, Fig. 6 ). The close phylogenetic relationship of the two clades was resolved in almost all the trees obtained, but their sexual life cycles are distinguishable. Erythrobasidium hasegawianum produces unicellular basidia without mating (Hamamoto 2011 , Hamamoto et al. 1988 , while Bannoa hahajimensis produces unicellular basidia on a clamp connection formed after mating (Hamamoto et al. 2002) .
Two anamorphic species Rhodotorula lactosa and Cyrenella elegans were located as basal branches to the two clades in the Erythrobasidiales in the trees drawn from the seven genes and the four protein coding genes (Figs 3, 6 ). The affinity of R. lactosa with the Erythrobasidiales was also supported in the rDNA trees, which located R. lactosa as a sister branch to the Erythrobasidium clade (Fig. 2) . This result is consistent with Boekhout et al. (2011) and Sampaio (2011a) , though the major CoQ of R. lactosa is Q-9 (Yamada & Kondo 1973) . The phylogenetic position of Cy. elegans remains uncertain. In contrast to the results obtained from the seven-gene and four protein coding gene sequence analyses, this species was located in a branch basal to the Cystobasidiales and Erythrobasidiales in the tree obtained from the three rDNA genes with strong support (Fig. 2) , being in agreement with the result shown in Sampaio (2011c) based on LSU rDNA D1/D2 sequence analysis. Cy. elegans is an unusual species as it forms conidia with radiate appendages resembling those of aquatic hyphomycetes. It also forms clamp connections in the hyphae and teliospores, although germination of teliospores with basidia has not been observed (Gochenaur 1981 , Sampaio 2011c . The phylogenetic and phenotypic comparisons suggest that Cy. elegans represents an independent lineage in Cystobasidiomycetes.
The marina clade included Rhodotorula marina and five Sporobolomyces species (Table 1, Fig. 6 ). Interestingly, all Sporobolomyces species in this clade form nearly symmetrical ballistoconidia, differing from the other Sporobolomyces species that typically form asymmetrical ballistoconidia (Shivas & Rodrigues de Miranda 1983 , Wang & Bai 2004 . The aurantiaca clade contained two Rhodotorula and three Sporobolomyces species (Table 1, Fig. 6 ). The marina and aurantiaca clades were also recognised in Scorzetti et al. (2002) , Nagahama et al. (2006) and Boekhout et al. (2011) . A close relationship of these two clades was shown in the tree from the three rDNA genes (Fig. 2) , but was not supported in the trees from the four protein-coding genes and the seven genes (Figs 1,  3) . Species from these two clades were included in the Erythrobasidiales in Aime et al. (2006) . This conclusion, however, was not supported in the present study. In the rDNA and the four protein-coding genes-based trees, the position of these two clades varied (Figs 2, 3) . In the seven genes-based tree, the marina and aurantiaca clades were resolved as sister lineages to the Erythrobasidiales (Fig. 6) .
The magnisporus clade consisted of Sporobolomyces magnisporus and three Rhodotorula species described recently by Pohl et al. (2011) . Sporobolomyces magnisporus was assigned to the Erythrobasidiales in Boekhout et al. (2011) . The close relationship of the magnisporus clade with the Erythrobasidiales was shown in Pohl et al. (2011) and in the rDNA genes-based tree in this study (Fig. 2) . However, in the trees from the four protein coding genes and the seven genes, the relationships of the magnisporus clade with the other clades in Cystobasidiomycetes were not resolved (Figs 3, 6) .
The Sakaguchia clade included the monotypic teleomorphic genus Sakaguchia and five anamorphic Rhodotorula species (Table 1, Fig. 6 ). This clade was consistently resolved and strongly supported in all the trees constructed in this (Table 3 , Fig. 6 ) and previous studies (Nagahama et al. 2006 . The genus Sakaguchia was treated as 'incertae sedis' in Aime et al. (2006) , Bauer et al. (2006) and Boekhout et al. (2011) , but was assigned to the Erythrobasidiales in Fell (2011b) . The close phylogenetic relationship of the Sakaguchia clade with the clades in Cystobasidiomycetes was not resolved in any of the trees generated in this study (Figs 2, 3, 5, 6) . Furthermore, Sakaguchia dacryoidea produces teliospores , Fell & Statzell-Tallman 1998 , that are different from the sexual structures of Bannoa and Erythrobasidium species in the Erythrobasidiales. Our results suggest that the Sakaguchia clade together with the marina, aurantiaca and magnisporus clades represent lineages distinct from the currently recognised orders in the Cystobasidiomycetes.
Microbotryomycetes
More than half of the yeast species compared in this study belong to the class Microbotryomycetes. Within this class, six and nine clades were distinguished by Scorzetti et al. (2002) and Boekhout et al. (2011) , respectively. Five orders, namely Heterogastridiales, Kriegeriales, Leucosporidiales, Microbotryales and Sporidiobolales, have been proposed in this class mainly based on SSU, LSU and ITS-5.8S rDNA sequence analyses , Aime et al. 2006 , 2014 , Bauer et al. 2006 , Toome et al. 2013 . These orders were also recognised in this study. In addition to the clades that could be assigned to the five orders, we observe a considerable number of clades that did not belong to any of the orders.
The Sporidiobolales was resolved as a monophyletic group with strong BP and PP support values (Table 3 , Fig. 7 ). Three clades, namely Rhodosporidium, Sporidiobolus and mixed Rhodosporidium/Sporidiobolus clades (Fig. 7) , are in agreement with Boekhout et al. (2011) . The Rhodosporidium clade was composed of nine Rhodotorula and six Rhodosporidium species and Sporobolomyces alborubescens, including the type species of the former two genera (Rhodotorula glutinis and Rhodosporidium toruloides). The Sporidiobolus clade contained 15 Sporobolomyces and five Sporidiobolus species, including the type species of these two genera (Sporobolomyces roseus and Sporidiobolus johnsonii). The mixed Rhodosporidium/Sporidiobolus clade consisted of nine species from the four genera mentioned above (Table 1, Fig. 7 ). The three clades were wellsupported in the trees drawn from the seven-gene and the rDNA datasets with 100 % BP and 1.0 PP supports (Figs 2, 7) . In the tree derived from the four protein coding gene dataset, each of the three clades was also resolved as monophyletic group by ML and BI analyses with strong support values (Table 3) , but was not resolved as a monophyletic group by MP analysis (Fig. 3) .
The Leucosporidiales included two teliospore-forming yeast genera, namely Leucosporidium and Mastigobasidium, and the anamorphic genus Leucosporidiella (Table 2, Fig. 7) . The latter was proposed by Sampaio et al. (2003) as the anamorphic counterpart of Leucosporidium to accommodate the Rhodotorula species that belong to the Leucosporidiales. In this study, the described Mastigobasidium, Leucosporidium and Leucosporidiella species except Leucosporidium fasciculatum were located in the monophyletic Leucosporidium clade, which was resolved in all the trees constructed from different data sets (Figs 2, 3, 5,  7) . The assignment of Leucosporidium fellii and Mastigobasidium intermedium to the Leucosporidiales is uncertain in Sampaio et al. (2003) because of their clustering with the Microbotryales in the Bayesian Markov chain Monte Carlo (MCMC) analysis of LSU rDNA D1/D2 sequences. The affinity of L. fellii and Ma. intermedium with the Leucosporidium clade was also not supported in Boekhout et al. (2011) . In the present study, the close relationship of these two species within the Leucosporidium clade was resolved and strongly supported in all the trees obtained (Figs 2, 3, 5, 7) , being in agreement with Yurkov et al. (2012) and de García et al. (2015) . Yurkov et al. (2012) described Leucosporidium drummii, that produces hyphae without clamp connections and intercalary teliospores. The teliospores germinate with either typical basidia for species of the genus Leucosporidium or produce, depending on the conditions, hyphae that originated from curved metabasidia similar to those of Mastigobasidium intermedium (Golubev 1999 , Yurkov et al. 2012 . Recently, Laich et al. (2014) described an anamorphic species as Leucosporidium escuderoi f.a. based on the new code for fungal nomenclature (McNeill et al. 2012) . de García et al. (2015) transferred the species of the genera Mastigobasidium and Leucosporidiella into the genus Leucosporidium and proposed a new genus Pseudoleucosporidium to accommodate the species Leucosporidium fasciculatum. Another Leucosporidium species, L. antarcticum, was transferred to the genus Glaciozyma which was proposed for a group of psychrophilic yeasts from various cold environments, such as soil, seawater and sediment, in Antarctica and European glaciers (Turchetti et al. 2011) . Recently, a new species Glaciozyma litorale was isolated from silt, alga and coastal sand in the White Sea intertidal zone, supporting the psychrophilic nature of this genus (Kachalkin, 2014) . The genus Glaciozyma was assigned to the family Camptobasidiaceae in the Kriegeriales by Toome et al. (2013) based on LSU rDNA D1/D2 sequence analysis.
Six species from the order Kriegeriales proposed by Toome et al. (2013) were employed in this study, including Glaciozyma antarctica representing the family Camptobasidiaceae, and Kriegeria eriophori and four Rhodotorula species representing the family Kriegeriaceae (Table 1) . These species were located together in a cluster in the seven-gene tree (Fig. 7) . The affinity of G. antarctica with the species in the Kriegeriaceae was not supported by ML and MP analyses. In the rDNA and the four protein-coding genes-based trees, G. antarctica was not located in the same cluster with the Kriegeriaceae species (Figs 2, 3) , suggesting that the order Kriegeriales defined by Toome et al. (2013) may not be monophyletic. Among the four Rhodotorula species in this order, R. glacialis, R. psychrophenolica and R. psychrophila (Margesin et al. 2007 ) formed a strongly supported clade labeled as glacialis in all the trees obtained ( Fig. 7 . Phylogeny of yeast species in the Microbotryomycetes inferred from the combined sequences of SSU rDNA, LSU rDNA D1/D2 domains, ITS regions (including 5.8S rDNA), RPB1, RPB2, TEF1 and CYTB. The tree backbone was constructed using maximum likelihood analysis. Bootstrap percentages (BP) of maximum likelihood and maximum parsimony analyses over 50 % from 1 000 bootstrap replicates and posterior probabilities (PP) of Bayesian inference above 0.9 are shown respectively from left to right on the deep and major branches and clades resolved. The branches ending with filled diamonds represent single-species clades. Bar = 0.05 substitutions per nucleotide position. Note: ns, not supported (BP < 50 % or PP < 0.9); nm, not monophyletic. low or lacking (Table 3) , suggesting they represent separate clades. The species Rhodotorula rosulata formed a branch basal to the Kriegeria and the glacialis clades in the trees from the seven genes and the three rDNA genes with 100 % BP and 1.0 PP supports values (Figs 2, 7) , suggesting that R. rosulata represents another clade in the Kriegeriales. Toome et al. (2013) showed that R. rosulata was closely related to Meredithblackwellia eburnea in their ML analysis of LSU, SSU and ITS 
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CONCLUSION
The molecular phylogeny of yeasts and related dimorphic and filamentous basidiomycetes in the Pucciniomycotina was inferred based on analyses of sequences of seven genes using different phylogenetic algorithms. The major phylogenetic groupings of pucciniomycetous yeasts observed in previous studies based on the LSU rDNA D1/D2 domains or ITS-5.8S sequences (Fell et al. 2000b , Scorzetti et al. 2002 were confirmed in the present study. In each of the major groups, more robust topologies with higher resolution were achieved in this study than obtained before. The yeast taxa employed were assigned into four major lineages, namely Agaricostilbomycetes, Cystobasidiomycetes, Microbotryomycetes and Mixiomycetes. These lineages are independent from Atractiellomycetes, Classiculomycetes, Cryptomyco colacomycetes, Pucciniomycetes and Tritirachiomycetes that are formed by filamentous taxa in the Pucciniomycotina.
The orders distinguished in previous studies except the Kriegeriales were all resolved as monophyletic groups in this study. The order Spiculogloeales was resolved as a sister lineage of Mixiomycetes, rather than of the order Agaricostilbales in the Agaricostilbomycetes. This suggests that the Spiculogloeales may represent a new class in Pucciniomycotina. In the Cystobasidiomycetes, four independent groups with sisterhood to the orders Cystobasidiales, Erythrobasidiales, and Naohideales were resolved, suggesting that additional orders remain to be discerned in this class. In addition to the five existing orders Heterogastridiales, Kriegeriales, Leucosporidiales, Microbotryales, and Sporidiobolales in the class Microbotryomycetes, several groups that seem to represent new orders were recognised. The boundaries of some of these new groups remain to be defined.
A total of 33 monophyletic clades and 18 single species lineages were recognised among the pucciniomycetous yeasts employed in this study (Tables 1, 3) . As shown previously, the majority of the currently anamorphic genera are polyphyletic. For example, Rhodotorula and Sporobolomyces species occurred in 17 and 23 clades, respectively. These genera and related teleomorphic ones need to be redefined. A considerable number of new genera need to be proposed to accommodate the monophyletic clades that do not include any generic type species. The next step will be to propose an updated taxonomic system for yeasts and related taxa within Pucciniomycotina based on the phylogenetic framework presented here and to implement the 'One fungus = One Name' principle.
